Purpose: This paper presents initial experimental results from a prototype of HDR BrachyView, 20 a novel in-body source tracking system for HDR brachytherapy based on a multi-pinhole tungsten collimator and a high resolution pixellated silicon detector array. The probe and its associated position estimation algorithms are validated and a comprehensive evaluation of the accuracy of its position estimation capabilities is presented.
I. INTRODUCTION
High dose rate brachytherapy is currently one of the leading treatment options for clinically localised prostate cancer [1] [2] [3] . While an excellent dose distribution is achieved within the 40 target volume, the surrounding tissue is spared due to the rapid reduction in dose rate with distance 2, 4 . Additionally, the use of afterloaders in placing and moving the source avoids radiation exposure to the operators 5 . Accurate source placement within the prostate volume for the pre-calculated dwell times is a crucial factor in the success of the treatment, and minimises the occurrence and severity of radiation toxicity within nearby organs such as the 45 rectum, urethra and bladder 6 . Therefore, accurate real-time monitoring of source position will be a valuable addition to existing quality assurance (QA) methods for high dose rate prostate brachytherapy (HDR-PBT) 7, 8 . an optimal dosimeter for the measurement of radiation fields with steep dose rate gradients on the surface of critical organs [11] [12] [13] . Recently, Tenconi et al. proposed a method for integrating the MOSkin dosimeter with a trans-rectal ultrasound (TRUS) probe to provide in vivo measurements of the dose received by the rectal wall in real time at predefined and anatomically relevant points. This study reported an average difference of -0.6 ± 2.6% be-65 tween the delivered dose and the desired dose calculated by the treatment planning system (TPS) 14 . Carrara et al. have successfully tested this QA method on six patients undergoing HDR PBT and used it to quantify intra-fraction prostate motion 15 . Phantom, a phantom with two rows of ten uniformly spaced catheters with the Magic Plate silicon diode array placed in-between to track the source position, dwell time as well as the two dimensional dose distribution were determined 21, 22 .
Methods using an external imaging device combined with a pinhole or analogous collimator have been proposed and aim to provide intra-fraction real-time source tracking.
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However, due to the large source to collimator distance, these methods either require a lengthy acquisition time (more than 2 s for a HDR source of typical activity), which is too slow for real-time source tracking, or suffer from an unacceptable positioning error (larger than 3 mm, suggested by Tiong et al. 23 ) 24-26 .
BrachyView is a family of in-body imaging systems developed at the University of Wol- 
II. MATERIAL AND METHODS
A prototype HDR BrachyView probe has been developed at the Centre for Medical Ra- sub-second dwell times was evaluated experimentally. The design of the prototype and the experimental configuration is described in Section II A. A comprehensive description of the source tracking process is provided in Section II B.
A. Experimental configuration
The experiment was conducted at the HDR Brachytherapy facilities at the St. George A cylindrical channel with a diameter of 0.5 mm and a length of 0.5 mm connects the top and bottom cones.
The geometry of the truncated double cone pinholes and their preferred placement have 155 been discussed in previous publications 30, 31 . However, the geometry of the prototype board on which the Timepix chips were mounted was such that it was not possible to align the centre of the detectors with the centre of the collimator tube. Therefore the pinholes were fabricated with the same offset as the detectors, as illustrated in FIG. 2 
(b).
It was demonstrated previously that four tiled detectors are needed to cover the whole This allowed for the insertion of a catheter into which a Flexitron 192 Ir HDR brachytherapy source was remotely moved by a Nucletron Flexitron HDR afterloader. The source was moved into five preplanned positions along the y axis, starting at the entrance of the catheter within the phantom and moving in the positive y direction in steps of 4 mm. Table I . At every position, the source is seen by multiple pinholes, with varying source to pinhole distance. The photon flux is, to the first approximation, inversely proportional to the square of the distance and therefore the signal to noise (SNR) decreases with an increase in the 210 source to pinhole distance. To overcome this problem, a dual thresholding scheme was implemented, whereby a global threshold was applied to the original image and the CoMs of all projections were roughly estimated. Using these CoMs as a guide, the original image was segmented and individually thresholded locally, as a constant fraction of the peak intensity of the CoM, for a more accurate estimation of its coordinate on the detector plane.
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The pixels at the boundary between the two adjacent detectors were observed to suffer from very high levels of background noise. The counts recorded by these pixels are replaced by a bilinear interpolation between the neighbouring pixel values. An example of the detector response recorded before and after the correction is shown in (FIG. 4) .
C. Verification of displacement along the y axis
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The source displacement along the y axis was independently verified using a set of film projection images, taken concurrently with the measurements acquired by the HDR BrachyView probe.
Gafchromic R EBT3 films were cut into 90 mm × 90 mm pieces and inserted between the plastic water sheets comprising the phantom, 5 mm below the centre of the catheter.
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The source was moved into a series of three pre-planned positions along the y axis in steps of 10 mm, starting at the entrance of the catheter within the phantom. The measurements were repeated for two source to detector plane distances of 40 mm and 60 mm.
The source projection images on each film were analysed and their CoMs were calculated.
The positions of the CoMs along the y-axis were then compared with the source positions Tables II and III for nominal   240 vertical (z) source-detector distances of 40 mm and 60 mm respectively. Larger errors (nominal to measured) and uncertainties (standard deviation between measurements) were found for the larger vertical source-detector distance, especially in the z direction. For 60 mm nominal vertical source-detector distance, the maximum overall error is 1.3 mm, whereas for Several factors contribute to the error in the estimated position in the z direction. Firstly, although the phantom itself is solid, and therefore the channel in which the catheter is 275 inserted is rigid, there is a small difference of 0.333 mm between the diameter of the channel (2 mm) and the diameter of the catheter (Flexitron Lumencath 5F, 1.667 mm). Due to the position of the afterloader relative to the phantom, a small downward force is exerted on the external part of the catheter, which is greater at (nominal) z = 60 mm than for z = 40 mm. This force results in the catheter being deflected into an approximately parabolic shape of the fact that the centre of mass (CoM) of the projection is not precisely collinear with the source and pinhole, but rather is shifted slightly both in x and y in the direction of the pinhole. The shift is due to the source being cylindrical rather than a point source,
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with photons from the more distant end of the source travelling a greater distance to the detector plane (and arriving at a shallower angle) compared to photons emitted from the near end. Because of the difference in path distances, the intensity (but not the geometry)
of projections of a cylindrical source with uniform activity distribution oriented parallel to the detector plane will be non-uniform. The CoM will therefore be biased in the direction
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of maximum projection intensity (in the direction of the pinhole) and will not perfectly coincide with the true geometric centre of the projection. This latter source of error will be reduced in future versions of the reconstruction software, by using a non-equal weighting of projections (preferentially weighting the brighter 315 projections, which also gives greater weight to projections with higher SNR). It will also be possible to improve the localisation of the geometric centre of the projection by deconvolving the projection by the point spread function of the pinhole (which will reduce blurring, although it cannot eliminate the effect of photon penetration through the collimator) and iterative post-segmentation intensity correction (i.e., following initial segmentation 320 and approximate determination of the CoMs and hence source position, the intensity of the projection can be corrected for the 1/d 2 reduction in intensity, after which the CoM should be equal to the geometric centre of the projection).
It is also noted that there is some variation in y between individual runs of the experiment; this is due to the afterloader's own intrinsic positioning error of ±1 mm (95% 
